A cost effective method for conversion of a vertical tube thermogravimetric analysis system into a magnetic balance capable of measuring Curie Temperatures is presented. Reference and preliminary experimental data generated using this system is analyzed via a general-purpose wavelet based Curie point edge detection technique allowing for enhanced speed, ease and repeatability of magnetic balance data analysis. The Curie temperatures for a number of Heusler compounds are reported.
Introduction
Modern advances in computational technology have enabled the rapid prediction of new materials and many of their properties from first-principles calculations. These tools have been essential in developing large databases such as Materials Project [1] the Open Quantum Materials Database (OQMD) [2] and AFLOW [3] that form the backbone of the modern Materials Genome Initiative [4] . Experimental verification of these predictions has not been similarly accelerated, and this measurement gap constrains the ability of materials engineers to produce bespoke materials meeting modern application demands.
One of the basic fundamental magnetic properties of a ferromagnetic material is the Curie temperature or Curie point [5] . Robust knowledge of this transformation temperature where all ferromagnetism ceases within a material is essential for the study, processing, and application of ferromagnetic compounds. Modern measurement of the Curie temperature is typically accomplished using some form of magnetometer measuring current induced by the magnetic field emanating from a material or zeroing out the material field with a compensating coil [6, 7] . The earliest magnetization measurements and Curie temperatures were recorded using a special torsion balance that used the force of gravity to measure the magnitude of the magnetic field coming from a material via an effective mass change on the balance equilibrium position [8] . Systems supplementing differential scanning calorimeter and thermogravimetric analyzers with a permanent magnet to create a similar magnetic balance are popular for Curie temperature measurements [9, 10] . This is done not only to enable measurement of Curie transformations in unknown materials, but also to increase the accuracy of the instrument by correcting temperature profiles using the very sharp Curie point instead of or in addition to melting point reference temperatures [11, 12] .
The thrust of this work is two-fold. First, to describe the process by which a vertical tube furnace with hanging balance TGA can be modified using low-cost materials to perform Curie temperature measurement via the introduction of a static electromagnetic field. The second aim is to demonstrate an analysis technique based on the continuous wavelet transform to enable user agnostic high-speed analysis of magnetic balance data for Curie temperature determination. High throughput experimental data analysis combined with reduced cost apparatus will enable more rapid verification of novel magnetic materials essential to close the feedback loop of modern integrated computational materials design. To illustrate this, data gathered and processed using these techniques on common magnetic materials as well as more exotic Heusler alloy ferromagnetic compounds is presented.
Methods
In order to identify and characterize the phase transformations of a material, we measure the heat-flow between our sample and an inert reference material as they are heated and cooled together. This technique is known as differential scanning calorimetry (DSC) and is useful for identifying and characterizing phase transformations in a material. DSC works by scanning a furnace over a range of temperature while measuring heat flow between a sample and a reference material. Many DSC/DTA systems include a microbalance for collection of simultaneous Thermogravimetric Analysis (TGA) data that is simply looking at the change in mass of a sample under various heating and cooling conditions. By applying a constant magnetic field to our sample, we are able to exploit this capability to measure changes in magnetism via changes in effective mass. This work was conducted using a Setaram Setsys Evolution DSC-DTA-TGA 16/18 System, but the hardware modifications can be applied to any vertical tube furnace TGA system and the data analysis techniques are of general application to magnetic balance data of all varieties.
Although DSC/TGA systems share broad commonalities, even specific models are often available in a broad set of configurations to accommodate a variety of sample, measurement, and environment types. The specifics of our instrument are as follows: The system consists of an open-loop, tap-water fed, water-cooled vertical tube furnace with cylindrical graphite resistive heating element that is enveloped in Ultra High Purity Grade Argon gas. The alumina vertical furnace tube of this Setaram 16/18 contains a single platinum heat flux pan with two symmetric pockets for holding cylindrical 100 μL alumina crucibles, one for the sample and one for a reference material. This platinum pan is suspended from an alumina rod attached to an electromagnetically stabilized microbalance. In addition to transferring the load to the balance, the rod contains lead wires for a sample thermocouple and heat flow sensor for measuring the heat flux across the bottom of the two crucibles. During testing, the current compensated balance holds a sample (mass between 50 and 150 mg) and a reference (77 mg of NIST SRM 720 Sapphire rod) at a fixed height in the furnace so long as the balance is within +/−200 mg of its zero point. This zero point can be adjusted to accommodate a variety of sample and reference masses via the addition and subtraction of tungsten shot from the counterweight arm of the balance. This entire balance, rod and pan assembly is mounted on a vertical moving linear actuator to enable loading and unloading of the pan outside the furnace tube. The balance environment is pressure sealed and coupled with the sample environment. Thus the sample and balance can be purged at various flow rates with a selectable so called carrier gas. In this work, Ar was used at a flow rate of about 1.5 L per hour to purge the sample. Type S Pt/Pt-10%Rh thermocouples were used for the sample temperature, heat flow sensor, and the furnace temperature measurement. While sample and heat flow sensors are integrated into the platinum pan on the DSC, the furnace thermocouple is separate and sits just below the pan at the end of an alumina rod with a notched disk alumina heat shield just below the exposed thermocouple junction. All thermocouple junctions are bare and as small as practical for maximum rate sensitivity.
It is important to note that carrier gas purity, pressure, and flow rate have a noticeable effect on the heat flow, sample temperature time lag relative to the furnace control sensor, and mass change signal. These arise due to the flow and pressure having heat transport properties as well as buoyancy and drag effects on the crucible that change during the temperature scan.
The DSC-TGA needs temperature correction for these systematic errors in order for results to be quantitative. This is traditionally accomplished via melting a series of standard materials of known melting point in the instrument then fitting a correction curve between the measured melting point and the reference data for the standard material. In addition, if each reference is carefully weighed with a microbalance, the latent heat effects of these melts can be integrated to provide calibration data for the calorimeter equation assuming the heat of fusion is well characterized for each reference material used to compute the temperature correction. This procedure introduces some new uncertainty since the melting point standards are sensitive to impurities changing the onset and completion of melting. To avoid the messiness of such melting temperature calibration uncertainties, many DSC-TGA manufacturers use magnetic reference materials of different Curie Temperatures to correct the temperature profile of the instrument. The sharp 2nd-order nature of the Curie transformation means that it occurs almost instantaneously. There is no large magnitude heat effect during the Curie transformation in contrast with a 1st order transformation like melting/solidification, but the TGA signal of a ferromagnetic material under the influence of an external magnetic field will manifest as a sharp drop (or increase if the magnet is placed such that it pulls the sample opposite to the direction of gravity) in effective mass exactly at the Curie Temperature. This response is stable so long as the reference is of reasonable purity, and is less messy than the onset of melting which can be subject to depression by things like contamination or sample size.
Curie temperature measurement is accomplished in some DSC-TGA geometries by the placement of a high strength permanent magnet just outside the temperature controlled chamber [10, 11] . With the magnet in place, scans of the reference material over the desired temperature range, using multiple references, which can be loaded simultaneously if they do not react or melt together, generate a very high accuracy temperature correction curve [11] . It is important to note that this measurement is sensitive to scan rate and flow conditions, but in a way that is smaller, more repeatable, and easy to correct for during analysis. Introducing a static magnetic field via permanent magnet is difficult for many TGA geometries, such as the Setsys Evolution 16/18, and even if a suitable configuration can be obtained the resulting effective mass change induced by a permanent magnet is typically small in magnitude relative to sample mass [13] .
Large static magnetic fields are incredibly difficult to shield out of any volume of space short of enclosing that volume in superconductor [14] . That being said magnetic fields drop in strength very rapidly,~1/(r 3 ) with distance from the magnet. Given these facts, it was decided to augment this Setaram DSC-DTA-TGA by adding a large electromagnet surrounding the water-cooled stainless steel furnace jacket ( Figs. 1 and 2) . A first successful proof of concept was attempted using a 20 V, 12A bench top constant current-constant voltage (CC-CV) power supply. This supply was attached to a 10 turn cylindrical solenoid approximately 6 in. in diameter and 5 cm in height made of 16 American Wire Gauge (AWG) solid core varnish coated magnet wire. A 10 A constant current was applied to this coil. A 50 mg piece of 99.995 + % (metals basis) pure Fe was placed in the 100 μL Alumina crucible. The TGA signal was observed and a maximum effect of 5 mg of sample mass increase was seen whilst sliding the solenoid coil up and down the furnace column length. The optimal position, for maximum observed effective mass change under applied field, was marked at the top of the coil surface on the furnace jacket with a Sharpie. The coil was then secured in this position to the stainless steel furnace jacket with Kapton tape and preliminary DSC-TGA temperature scans revealed a step change in the TGA signal in Fe and Ni reference materials in the vicinity of their respective Curie temperatures. However, a temperature scan on high purity Co revealed that the mass effect was too small to produce a reliable T c effect at the Curie point for this lower magnetic susceptibility ferromagnetic material. Using this information a larger electromagnet was constructed to increase the size of the effective mass change induced by the external field. Larger 10 AWG magnet wire capable of handling up to 55 A of current [16] with high temperature polyamide coating was used to form a 2 layer 48 turn coil of similar diameter and approximately 12 cm in length extending from the lower water cooling tube up to the Sharpie mark indicating the sample pan position as shown in Fig. 2 . This new coil was powered by an Agilent 6573A, 0-35 V/0-60A CC-CV power supply running in CC mode. Even though the new wire can take 55A of current, and probably more given that it is secured against a water cooled steel cylinder, a 40 A current at~3 Volts was found to be sufficient to elicit a large mass change signal even in a low magnetization per unit mass material like Co (Fig. 3) .
Curie temperatures of select reference magnetic materials were measured as follows. The furnace column was evacuated to 0.1 atm of pressure then purged with the high purity Argon gas. The flow rate was stabilized at approximately 1.5 l per hour. The TGA microbalance was tared and then data acquisition was started while holding at 20°C. After a few minutes the power supply was engaged and the current was ramped to 40.00 A in under a minute. The furnace is held at 20°C for at least 20 min before ramping to scan the furnace. Scans were performed at 5°C per minute ramp rate up to a maximum temperature at least 50°C above the known Curie Temperature of the reference material then held isothermally for at least 6 min then ramped down at 5°C per minute to 20°C. This cycle was repeated to check the repeatability of the measurement and reversibility of the transformation. Since this technique was developed to support ongoing work with half-metallic ferromagnetic Heusler alloys a selection of 50 mg crystallographically pure Heusler compounds from these ongoing studies [17] [18] [19] were used to validate the technique on more exotic samples.
Consistently identifying the bottom edges of the Curie transformation step is essential to evaluating the magnetic balance data. Older studies [11] used the derivative of the T g signal but this is very unreliable when the T g signal pre-and post-Curie point is subject to other simultaneous processes. The number of confounding terms such as sample decomposition, buoyancy and oxidation are capable of generating a variety of profiles above and below the Curie transformation. This coupled with the discrete nature of the data makes numerical derivatives a crude tool without further user intervention such as baseline fits and smoothing functions. To cut through this mess, rather than resort to tedious human error prone hand fitting, the decision was made early on to borrow tools for edge detection from the modern digital signal processing toolkit.
The Continuous Wavelet Transform (CWT) is a popular signal processing integral transform. To begin consider the CWT of a signal f(t) with wavelet ψ of scale s at timeshift u presented in Eq. 1 in the notation of Mallat [20, 21] .
Eq. 1. The Continuous Wavelet Transform
Eq. 2. The wavelet admissibility condition. A wavelet is simply a brief, wave like excitation that starts at zero amplitude increases and or decreases a small number of times and then returns to zero amplitude. There are many possible wavelets to generate an acceptable orthonormal basis for the CWT. Being more specific, any wavelet satisfying Εq. 2, where ψ ω ð Þ denotes the Fourier transform of the wavelet, will suffice. For this study the Ricker or Mexican-hat wavelet Eq. 3 with Fourier transform Eq. 4 was chosen [20, 21] . 
Eq. 3. The Mexican-hat wavelet
Eq. 4. The Fourier transform of the Mexican-hat wavelet. From the TGA scan data, we take the T g signal over time, plotted in Fig. 4a , and apply a continuous wavelet transform. In our implementation, we read in the TGA scan data via a python script and use the CWT and Ricker wavelets built into SciPy [22] . For computational speed, we limit the transformation to 100 width scales, which in practice does detect the fast time-scale structure of interest. When we plot the generated CWT spectrum (see Fig. 4b ) and its power spectrum, defined by taking the magnitude of the wavelet spectrum (see Fig. 4c ), we can see the sharp changes in magnetism characteristic of the Curie temperature appear in the wavelet spectrum as peaks in power spanning a broad range of time scales. Because of this characteristic shape, we use the sum of wavelet power across scales, defined as sum of the absolute value of the wavelet transform at each scale for a particular location in time, as a summary statistic to identify times of interest. In Fig. 4d , this "total power" is plotted in purple, alongside the magnetism in red. We can see in the figure that the four sharp peaks occur at the "shoulders" of the magnetism curve, picking out the beginning and end of the heating and cooling Curie transitions. We then apply an arbitrary threshold (in our case, the Curie transition points identified from the set of critical points and marked on the Tg (mg) and sample temperature (°C) curves 90th percentile of excitation across all times) to delineate these periods of interest, shaded in purple in Fig. 4d . We plot the start and end of times of all detected periods in Fig. 4d . from which the user can readily identify the points associated with the Curie temperature transitions as indicated by the sky blue stars in Fig. 4e .
This method only requires a few seconds of human observation to identify the points of interest that are systematically generated by the computer. This process so far allows us to find the scan time and associated sample thermocouple temperature, when the sample is fully demagnetized. However, the fundamental material property we are interested in is the temperature of the sample itself where that Curie transition occurs.
The precise relationship between thermocouple temperature and actual sample temperature will be instrument dependent due to many factors, including process gas pressure, process gas flow rate, thermocouple response, heater response, and chiller efficiency that cannot be easily mechanistically modeled as a function of temperature. What this means in a given measurement setting is that the lead or lag between furnace and sample temperatures will depend on the physical properties of the carrier gas, the gas flow rate, temperature scan rate and direction. We can hold all of these things constant except the scan direction, which will separate our data points into heating and cooling sets. Using the reference materials named in Fig. 5 , we estimate the true sample temperatures as a function of our measured furnace temperatures for the heating and cooling ramps. Each reference of known T c is measured on heating and cooling with the heating data and cooling data fitted separately to a 2nd degree polynomial to empirically correct the systematic errors during the DSC-TGA scan.
Applying this correction to 2 scans of a sample generates 4 Ci point measurements that are then averaged, assuming the transformation appears reversible, to a reported value of T c and standard measurement error. This method overall is somewhat arbitrary, but the computer finds the edges well enough and fast enough that together with empirical correction it is a good estimate of T c for those lacking a reliable magnetometer. Users with access to a greater variety of magnetic reference materials may benefit by using a higher order polynomial or other empirical correction method such as linear interpolation between reference points. Regardless of the type of empirical correction used, it is important to check that the results for the reference data are self-consistent, give less weight to extrapolated corrections outside the temperature bounds of the reference material set, and validate the results periodically as the performance and systematic errors of DSC-DTA-TGA systems are subject to drift over time.
Results
These results are compiled from the modified DSC magnetic balance and the wavelet analysis of the TGA signal. To begin, it is essential to look at the standard materials used to perform the empirical temperature correction on heating and cooling of the DSC via 2nd degree polynomial fits as well as literature values. It is clear from the data in Fig. 5 . that there is good agreement between the corrected temperatures and the reference values over a broad range of temperatures suggesting that independent empirical fits on heating and cooling self-consistently model the instrumental errors. Despite the low accuracy of Type-S thermocouples at low temperature, anything measured within the temperature range of the references should produce reliable, repeatable, Curie temperature data. Loss of thermocouple accuracy and lack of reference material data near room temperature means that anything computed below the Curie temperature of Alumel should be taken as indicative unless verified via other methods such as magnetometry.
Having met with a degree of success in reproducing well-established values the study was expanded to a variety of Heusler compounds that displayed room temperature ferromagnetism produced via high temperature direct reaction calorimetry in the Kleppa Calorimeter at IIT. These results can be seen in Fig. 6 . The error bars are 2 standard deviations from the measurement on a minimum of 4 independent measurements, 2 on heating and 2 on cooling. Some of the compounds have not had their Curie temperature reported before.
Discussion
The Curie temperatures determined in this work appear to be in decent agreement with other literature values [23] [24] [25] [26] [27] [28] , shown in Fig. 6 . Note that not every paper was forthcoming with a standard error in the Curie temperature measurements since they are typically compiled along with other material data with granularity being sacrificed in the name of a broader view of material properties. In the case of Co 2 FeSi, the only Fig. 6 Curie temperatures of select Heusler alloys measured using the modified DSC as compared with literature values [23] [24] [25] [26] [27] [28] , error bars are 2 standard deviations representing a 95.45% confidence interval existing experimental value reported has a standard error of +/− 20 K [28] . Furthermore, in the case of Fe 2 CoAl the reported value of 737°C is increased to over 800°C when the sample is prepared via powder metallurgy, which is attributed to the grain size being smaller than the average domain size [29] . Given that the intermetallic samples in this study were synthesized from elemental powders by direct reaction calorimetry this elevation effect may be taking place with some of these samples if they did not melt at the calorimeter temperature. Furthermore, no compensation was made for Field Cooling where the sample is cooled with an applied external magnetic field and then Curie temperature is measured, as opposed to Zero Field Cooling where the sample is raised above the Curie temperature with no external magnetic field, neglecting the Earth's natural magnetic field, then cooled to ambient conditions, or the lowest magnetization measurement temperature if using a magnetometer, and then reheated up to the Curie point. As one would expect if all the domains are aligned by an external field this will change the resistance of the material to demagnetization and hence move the Curie point higher. The size of this effect depends on many parameters, but it is important to recognize it exists and that accounting for it may be of some utility.
The TGA system used in this study also has a DSC sensor which enables verification of the Curie temperature and identification of other important transformations via heat flow, but the magnitude of these heat effects is typically small even in strongly magnetic materials [30] . Ongoing work is taking place to integrate data from the heat flow signal on the DSC-TGA with the magnetic balance data to aid in the search for candidate magnetic shape memory, thermoelectric and magnetocaloric materials. In particular, Heusler based alloys show a strong propensity towards such multifunctional behavior when there exists a martensitic transformation near the Curie point [31] . Expanding this technique to automatically search for martensitic heat effects in the vicinity of the Curie point would enable rapid screening for promising multifunctional Heusler compounds. The precision control possible with electromagnets will enable information about the magnetization per unit mass to be gathered on the Setsys 16/18 or a similar setup if the magnetic field and its gradient can be measured in the vicinity of the sample pan as a function of applied current and the magnetic history of the samples is controlled [13, 32] . Even without this additional quantitative field information the changes in magnetic response of a material as a function of temperature can aid in identifying and characterizing microstructural changes in ferromagnetic materials [32] .
Conclusion
The Curie temperature is an essential magnetic property, but it only shows an incredibly narrow view of the plethora of information essential to fully characterizing magnetic materials. Yet, even the dimmest of views can be of great utility when combined with other complementary information about a material. The modification of vertical TGA systems provides a low-barrier of entry to gathering Curie temperature data, and when integrated with DSC it can be done at low marginal cost to collecting other data about material transformations. The Continuous Wavelet Transformation data analysis technique brings a great degree of automation and repeatability to magnetic balance based Curie temperature determination with analysis and post processing of the magnetic balance data reduced from many minutes of unreliable hand fitting to a few seconds of scripting. These gains in speed and reproducibility are particularly important as the rapidly growing field of materials modeling continues to yield ab initio magnetic material predictions that demand experimental verification. Promising multifunctional magnetic compounds predicted via computation and verified with these techniques can also be characterized for processing and service optimization as the shape and location of magnetic transitions contains information about the phase transformations within these materials. The Curie temperatures of select Heusler alloys were measured via this new technique with a maximum standard error of 2.5% while showing good agreement with previously reported results for most compounds.
